Abstract: This paper presents a new non-invasive technique of granulometric analysis based on the fusion of two imaging techniques, Unmanned Aerial Vehicles (UAV)-based photogrammetry and optical digital granulometry. This newly proposed technique produces seamless coverage of a study site in order to analyze the granulometric properties of alluvium and observe its spatiotemporal changes. This proposed technique is tested by observing changes along the point bar of a mid-latitude mountain stream. UAV photogrammetry acquired at a low-level flight altitude (at a height of 8 m) is used to acquire ultra-high resolution orthoimages to build high-precision digital terrain models (DTMs). These orthoimages are covered by a regular virtual grid, and the granulometric properties of the grid fields are analyzed using the digital optical granulometric tool BaseGrain. This tested framework demonstrates the applicability of the proposed method for granulometric analysis, which yields accuracy comparable to that of traditional field optical granulometry. The seamless nature of this method further enables researchers to study the spatial distribution of granulometric properties across multiple study sites, as well as to analyze multitemporal changes using repeated imaging.
Introduction
Granulometric analysis is a traditional, important, and ubiquitous method of describing sedimentary materials [1, 2] . This analysis can be accomplished using a variety of techniques, including simple methods, such as classic sediment sieving, or more advanced methods of grain size measurements, such as those using X-ray or laser beams. However, most of these techniques do not work well with coarser clasts (>2 mm), which are categorized as fine gravel [3] . Collecting and analyzing a large number of gravel and boulder samples requires a large amount of time and effort. Because large quantities of bed material are removed in this method, it is invasive, which significantly restricts its application in areas where such manipulation is limited by environmental protections, private property, or settlement or industrial activities.
These limitations can be bypassed by using digital optical granulometry, which is an emerging method of image analysis [4] . In principle, optical granulometry identifies gravel clasts using calibrated digital imagery and consequently measures, sorts, and analyzes individual objects using standard granulometric approaches. Optical digital granulometry represents a huge advance in this field by The high frequency of peak flow events, along with recent changes in land use, has established the elevated fluvial dynamics of this area [8] . Repeated floods in past years have helped researchers identify the recent hotspots of fluvial activity in the river system and to select study sites suitable for the multitemporal tracking of fluvial activity. The study site discussed herein comprises a point bar, located at the confluence of the Javoří and Roklanský Brooks, where fluvial processes were evidently started by a flood in June 2013 and heavily accelerated by an early winter flood in December 2015 ( Figure 1b) . A point bar located in the active meander, featuring active bank erosion and fluvial accumulations, is selected as the specific study site for this experiment. The studied meander is approximately 40 m long and 20 m wide. Fluvial processes in this study site were triggered by a flood in June 2013; since then, the meandering belt of the Javoří Brook has been subjected to intense fluvial activity [6] .
Digital Optical Granulometry
Digital optical granulometry is a non-invasive technique, based on the semi-automated analysis of imagery of fluvial accumulation samples taken by a digital camera (Figure 2a ). The principle of this technique is based on the recognition of individual objects from a digital image of the land surface. By using the selected detection techniques with a series of calibrated threshold parameters, the source surface is decomposed into individual objects and their geometric parameters are calculated [10, 11] . To enable the calculation of geometric properties, the imagery must be calibrated to enable the derivation of the image scale.
As the information provided by this imagery only describes the surface of the sediment, information about the third dimension must be derived using other methods [12] . Here, we assume that, on each gravel clast, two longer axes, a and b, are visible, and that the third and shortest, c-axis, is oriented vertically and is thus not visible. The c-axis is then calculated using a characteristic coefficient for each rock type [4] . The high frequency of peak flow events, along with recent changes in land use, has established the elevated fluvial dynamics of this area [8] . Repeated floods in past years have helped researchers identify the recent hotspots of fluvial activity in the river system and to select study sites suitable for the multitemporal tracking of fluvial activity. The study site discussed herein comprises a point bar, located at the confluence of the Javoří and Roklanský Brooks, where fluvial processes were evidently started by a flood in June 2013 and heavily accelerated by an early winter flood in December 2015 ( Figure 1b) . A point bar located in the active meander, featuring active bank erosion and fluvial accumulations, is selected as the specific study site for this experiment. The studied meander is approximately 40 m long and 20 m wide. Fluvial processes in this study site were triggered by a flood in June 2013; since then, the meandering belt of the Javoří Brook has been subjected to intense fluvial activity [6] .
As the information provided by this imagery only describes the surface of the sediment, information about the third dimension must be derived using other methods [12] . Here, we assume that, on each gravel clast, two longer axes, a and b, are visible, and that the third and shortest, c-axis, is oriented vertically and is thus not visible. The c-axis is then calculated using a characteristic coefficient for each rock type [4] . Obtaining good image quality, particularly in terms of clearly defining scene properties and attaining high image resolution, is essential for successful data processing. A scene should comprise a clear, obstacle-and vegetation-free surface displaying gravel accumulation. All objects that are not subject of granulometric analysis, i.e., remnants of vegetation, woody debris or artificial obstacles are thus excluded from the scene to not distort the granulometric processing, based on automated object detection. As image processing and object identification are largely based on differences in contrast and tonality, the scene should contain an even distribution of light conditions without high contrasts between light and shadows, such as those present in the transition from sunlight to shadow under cover of vegetation or low elevation sun angles. Some methodologies and image analysis tools, such as the Sedimetrics digital gravelometer, require the application of an imaging flash to secure stable light conditions [5] . However, the application of a flash in wet riverine environments often results in the appearance of reflections and high contrast transitions that make analysis difficult.
Image resolution should allow for adequate classification and the distinction of fine particles. Generally, higher image resolutions and better camera quality yield better results. Images are typically taken from low altitudes with wide angles to capture the largest possible extent of sediment accumulation. In these conditions, lens quality is essential, as lenses with good parameters can minimize distortion and vignetting and can also reduce the amount of post-processing work needed.
The granulometric analysis in this study was processed using the BaseGrain 2.2 software, which was developed as a Matlab-based tool at ETH Zürich [13] . This image processing is based on a sequence of multiple steps, including those of grain recognition, classification, and analysis of the entire sample ( Figure 3) . The raw image, taken by field photography (Figure 3a) is preprocessed prior to this analysis. First, the image is corrected for distortion resulting from the use of a lens with a wideangle focal length, which typically involves adjusting for the barrel/pincushion distortion. Advanced image editing software, such as Adobe Photoshop or Gimp, can then be used to compensate for distortion, rectify and rotate the image, and correct light conditions (Figure 3b ). Establishing image processing parameters differs largely according to the applied software tool. However, common parameters necessary for quantitative analysis include the scaling of the image according to a calibrated frame or ruler (Figure 3c ) and defining the threshold for identifying different categories of clasts. Obtaining good image quality, particularly in terms of clearly defining scene properties and attaining high image resolution, is essential for successful data processing. A scene should comprise a clear, obstacle-and vegetation-free surface displaying gravel accumulation. All objects that are not subject of granulometric analysis, i.e., remnants of vegetation, woody debris or artificial obstacles are thus excluded from the scene to not distort the granulometric processing, based on automated object detection. As image processing and object identification are largely based on differences in contrast and tonality, the scene should contain an even distribution of light conditions without high contrasts between light and shadows, such as those present in the transition from sunlight to shadow under cover of vegetation or low elevation sun angles. Some methodologies and image analysis tools, such as the Sedimetrics digital gravelometer, require the application of an imaging flash to secure stable light conditions [5] . However, the application of a flash in wet riverine environments often results in the appearance of reflections and high contrast transitions that make analysis difficult.
The granulometric analysis in this study was processed using the BaseGrain 2.2 software, which was developed as a Matlab-based tool at ETH Zürich [13] . This image processing is based on a sequence of multiple steps, including those of grain recognition, classification, and analysis of the entire sample ( Figure 3) . The raw image, taken by field photography (Figure 3a) is preprocessed prior to this analysis. First, the image is corrected for distortion resulting from the use of a lens with a wide-angle focal length, which typically involves adjusting for the barrel/pincushion distortion. Advanced image editing software, such as Adobe Photoshop or Gimp, can then be used to compensate for distortion, rectify and rotate the image, and correct light conditions (Figure 3b ). Establishing image processing parameters differs largely according to the applied software tool. However, common parameters necessary for quantitative analysis include the scaling of the image according to a calibrated frame or ruler ( Figure 3c ) and defining the threshold for identifying different categories of clasts. After the calibration based on the identification of test objects (Figure 3d ), the entire image is classified and is ready for further analysis (Figure 3e,f) . By using the classified image with identified parameters of individual clasts, various kinds of granulometric analyses can be performed, using different grid scalings or methods of integration, based on the number of objects, volumes, or areas of individual clasts.
UAV Photogrammetry
UAV photogrammetry is a rapidly evolving discipline, combining the benefits of the vertical aerial view of aerial photogrammetry with the advantages of close distances and high levels of image detail provided by ground photogrammetry (Colomina and Molina 2014).
The basic principle of photogrammetric measurements is the use of geometric-mathematical reconstructions of the directions of photographic rays in a given image. To properly perform this aerotriangulation, which is the main goal of the photogrammetry process, it is necessary to constrain the elements of external and internal orientation [14] . Exterior orientation elements include the X, Y, and Z coordinates of the camera on the platform, as well as the three camera tilt angles (ω, φ, and κ). These coordinates and angles are measured relative to the ground coordinate system [15, 16] . Reconstruction of the three-dimensional scene geometry is enabled by efficient image matching, based on identification of the corresponding pairs of points in the imagery. Methods of image matching, subject of intense development over the past decade, are typically based on the stereopairs matching or identification of correspondences in multiple images [17] . After the calibration based on the identification of test objects (Figure 3d ), the entire image is classified and is ready for further analysis (Figure 3e,f) . By using the classified image with identified parameters of individual clasts, various kinds of granulometric analyses can be performed, using different grid scalings or methods of integration, based on the number of objects, volumes, or areas of individual clasts.
The basic principle of photogrammetric measurements is the use of geometric-mathematical reconstructions of the directions of photographic rays in a given image. To properly perform this aerotriangulation, which is the main goal of the photogrammetry process, it is necessary to constrain the elements of external and internal orientation [14] . Exterior orientation elements include the X, Y, and Z coordinates of the camera on the platform, as well as the three camera tilt angles (ω, φ, and κ). These coordinates and angles are measured relative to the ground coordinate system [15, 16] . Reconstruction of the three-dimensional scene geometry is enabled by efficient image matching, based on identification of the corresponding pairs of points in the imagery. Methods of image matching, subject of intense development over the past decade, are typically based on the stereopairs matching or identification of correspondences in multiple images [17] .
Significant shift in the field brought new image matching algorithms such as Structure from Motion (SfM) or Semiglobal Matching, enabling to automatically calculate exterior and interior orientation parameters from multiple viewpoints [18] . The SfM method, used in this study, stems on the basic principle of stereoscopic photogrammetry, that the 3D structure is resolved from the set of overlapping images. However, SfM diverges significantly from the traditional methods [19] while it allows for the acquisition and incorporation of unstructured images [20, 21] .
Application in the Study Area

Design of Experiment and Imaging Campaign
This study is based on information from two datasets acquired from the study site in May 2014 and June 2016. This time period reflects changes in the distribution of granulometric properties of accumulations over the point bar before and after a 20-year winter flood in December 2015 [22] . For each time slice, the study site was covered by seamless high-resolution orthoimagery, acquired by low-altitude UAV imaging (Figure 4) .
Placed over the orthoimage is a regular network built for the granulometric analysis of selected sites. This network is designed as a regular 1 m × 1 m grid spread over the meander (Figure 4 ). In this grid, transects have been identified across the point bar in order to assess the granulometric parameters of the alluvial sediment ( Figure 4 ). As the entire system of the orthoimages and the grid are fixed in their coordinates, these grid fields can be used to collect repeated observations in order to construct a multitemporal assessment of changes over time.
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Application in the Study Area
Design of Experiment and Imaging Campaign
This study is based on information from two datasets acquired from the study site in May 2014 and June 2016. This time period reflects changes in the distribution of granulometric properties of accumulations over the point bar before and after a 20-year winter flood in December 2015 [22] . For each time slice, the study site was covered by seamless high-resolution orthoimagery, acquired by low-altitude UAV imaging ( Figure 4) .
Placed over the orthoimage is a regular network built for the granulometric analysis of selected sites. This network is designed as a regular 1 m × 1 m grid spread over the meander (Figure 4 ). In this grid, transects have been identified across the point bar in order to assess the granulometric parameters of the alluvial sediment ( Figure 4 ). As the entire system of the orthoimages and the grid are fixed in their coordinates, these grid fields can be used to collect repeated observations in order to construct a multitemporal assessment of changes over time. Mikrokopter Hexacopter UAV platform equipped with a Canon EOS 500 DSLR camera and a calibrated Voigtländer lens with a focal length of 20 mm (Table 1 ). The position of GCPs, marked by the small circles over the stones, was collected using the GNSS device Topcon Hiper II using the RTK method (Real Time Kinematic) with the virtual reference station (VRS) located in distance of 5 km from the area of interest. Correction data was obtained from the Czech GNSS reference network TopNet. During the 2014 imaging campaign, tests were performed to verify the optimal imaging parameters, realized at different levels of the flight altitude. The aim was to test the optimum flight altitude to balance the calculated imagery resolution, needed for granulometric processing with the practical aspects of the imaging campaigns in terms of spatial coverage, securing the imagery overlaps and keeping the altitude level. This imaging was performed at different altitudes, ranging from 3 to 12 m above ground level over the sampling site (Section 3.1).
Orthoimage mosaics of the study area for all campaigns were derived from the base dataset for consequent granulometric analysis. After its first imaging in May 2014, the point bar did not reveal any apparent changes in September 2014 and May 2015 due to the limited fluvial activity of the stream. However, a flood in December 2015 resulted in significant depositions over the studied point bar. Therefore, we used imaging performed in June 2016 to represent the second time horizon within the present analysis.
To obtain a detailed analysis of the grain size distribution across new and old accumulations within the profile of the point bar, two transects along the point bar in two different functional zones of the meander were chosen ( 
Photogrammetric Processing
The multi-stereo view image matching method was used to photogrammetrically process the data acquired by low-altitude UAV imaging, using the AgiSoft Photoscan Professional, version 1.2.6 Pro. Next, part of the image processing was processed using and Trimble INPHO software, version 7.1.3. From the Trimble INPHO package, three parts were used: DTMaster for DEM editing and validating, Orthomaster for orthophotos generating and OrthoVista for mosaicking as they offer significantly larger options for control of the DEM and orthoimage creation process.
The Agisoft Photoscan Pro and INPHO packages were combined at different steps in the photogrammetric processing workflow in order to obtain the highest-quality resulting orthoimages, sampled at extremely high-resolution values. Agisoft Photoscan Pro was used to construct the dense point cloud from pairs of aligned images and to derive the DEM using the Multi-view stereo matching The input imagery consisted of images recorded in CR2 file format (raw format for Canon cameras), converted to 16-bit TIFF images. For image processing a PC station equipped with Intel Core I7-4770, 3.4 GHz and 16 GB RAM was used.
For both imaging campaigns, a high-resolution seamless orthomosaic with a ground sampling distance (GSD) of 1.5 mm was derived as the base spatial reference data product for further granulometric analysis (Table 1) .
Digital Granulometric Analysis
The digital granulometric analysis was accomplished in two ways. First, a test transect was chosen for pre-testing the BaseGrain application to determine the optimum parameters using UAVbased imagery ( Figure 6 ). Second, for further grain size analysis, different model transects (Figure 4 ) over the point bar were selected using these optimized parameters. For the test transect, we selected transect I from the regular grid built over the point bar ( Figure 6 ) which contains a surface almost completely undisturbed by vegetation and continuously covers the zone between the stream and terrace. From these six grid fields, we selected five adjacent cells with no or minimum vegetation coverage (I-1-5, Figure 6 ). The input imagery consisted of images recorded in CR2 file format (raw format for Canon cameras), converted to 16-bit TIFF images. For image processing a PC station equipped with Intel Core I7-4770, 3.4 GHz and 16 GB RAM was used.
The digital granulometric analysis was accomplished in two ways. First, a test transect was chosen for pre-testing the BaseGrain application to determine the optimum parameters using UAV-based imagery ( Figure 6 ). Second, for further grain size analysis, different model transects (Figure 4 ) over the point bar were selected using these optimized parameters. For the test transect, we selected transect I from the regular grid built over the point bar ( Figure 6 ) which contains a surface almost completely undisturbed by vegetation and continuously covers the zone between the stream and terrace. From these six grid fields, we selected five adjacent cells with no or minimum vegetation coverage (I-1-5, Figure 6 ).
In cells I-1-5, we performed granulometric analysis using the BaseGrain tool as mentioned in Section 2.2. Within each cell, the processing workflow described in Figure 3 was applied. For each of the selected grid fields, a semi-automated classification was performed ( Figure 7 ). Default procedure parameters were applied at the beginning and consequently calibrated by checking objects and performing manual splitting and merging of inappropriately identified objects. This classification was applied to all grid fields using the same procedure, and grid sieving was accomplished using the Fehr methodology [23] . In cells I-1-5, we performed granulometric analysis using the BaseGrain tool as mentioned in Section 2.2. Within each cell, the processing workflow described in Figure 3 was applied. For each of the selected grid fields, a semi-automated classification was performed ( Figure 7 ). Default procedure parameters were applied at the beginning and consequently calibrated by checking objects and performing manual splitting and merging of inappropriately identified objects. This classification was applied to all grid fields using the same procedure, and grid sieving was accomplished using the Fehr methodology [23] . To achieve reliable results, the thresholds and parameters of this process should be automatically classified, as the conditions in each cell may vary. Eliminating parts of the image that do not contain data is vital for reliable classification. This parameterization applies mainly to interactive masking parts of the image that should not be classified, such as vegetation, shadows or sand, as well as the manual splitting or merging of objects that have been inappropriately identified by the automated procedure.
Results
Determining the Optimum Parameters of UAV Imaging
Acquisition of UAV imagery for optical granulometry was performed at low-level altitudes. At such conditions, imagery acquisition parameters should be carefully adjusted. To balance spatial resolution, flight parameters, and imagery volume, we tested these imagery acquisition parameters at various levels (Figure 7a,b) while obtaining imagery over a 75 × 100 cm 2 calibration frame used for In cells I-1-5, we performed granulometric analysis using the BaseGrain tool as mentioned in Section 2.2. Within each cell, the processing workflow described in Figure 3 was applied. For each of the selected grid fields, a semi-automated classification was performed ( Figure 7 ). Default procedure parameters were applied at the beginning and consequently calibrated by checking objects and performing manual splitting and merging of inappropriately identified objects. This classification was applied to all grid fields using the same procedure, and grid sieving was accomplished using the Fehr methodology [23] . To achieve reliable results, the thresholds and parameters of this process should be automatically classified, as the conditions in each cell may vary. Eliminating parts of the image that do not contain data is vital for reliable classification. This parameterization applies mainly to interactive masking parts of the image that should not be classified, such as vegetation, shadows or sand, as well as the manual splitting or merging of objects that have been inappropriately identified by the automated procedure.
Results
Determining the Optimum Parameters of UAV Imaging
Acquisition of UAV imagery for optical granulometry was performed at low-level altitudes. At such conditions, imagery acquisition parameters should be carefully adjusted. To balance spatial resolution, flight parameters, and imagery volume, we tested these imagery acquisition parameters at various levels (Figure 7a,b) while obtaining imagery over a 75 × 100 cm 2 calibration frame used for To achieve reliable results, the thresholds and parameters of this process should be automatically classified, as the conditions in each cell may vary. Eliminating parts of the image that do not contain data is vital for reliable classification. This parameterization applies mainly to interactive masking parts of the image that should not be classified, such as vegetation, shadows or sand, as well as the manual splitting or merging of objects that have been inappropriately identified by the automated procedure.
Results
Determining the Optimum Parameters of UAV Imaging
Acquisition of UAV imagery for optical granulometry was performed at low-level altitudes. At such conditions, imagery acquisition parameters should be carefully adjusted. To balance spatial resolution, flight parameters, and imagery volume, we tested these imagery acquisition parameters at various levels (Figure 7a,b) while obtaining imagery over a 75 × 100 cm 2 calibration frame used for conventional digital granulometry. We tested imagery parameters at various levels from 3 to 12 m above ground level (Figure 8 The goal of determining the optimum imaging altitude is to balance several requirements of these datasets. First, all imaging should achieve an adequate resolution, at which the GSD should allow workers to adequately determine gravel categories for the purposes of their studies. We have selected the GSD of 1.5 mm as a base for the analysis value, enabling to assess the gravel size categories, occurring in the study site. As in the assessed montane stream the alluvial sediment is relatively coarse, with mean D 50 values ranging from 13.28 to 33.0 mm (Tables 2 and 3 ) the selected GSD values should secure reliable detection of the analyzed gravel structures features from multiple pixels. Second, the chosen flight level should produce overlapping imagery of the study site, with no gaps. This is of special importance at low-level flight altitudes, as the accuracy of navigation sharply decreases with the flight level. At flight altitudes of approximately 5 m above ground level, the extent of the imaging scene is close to the accuracy of the GPS positioning devices of common UAVs, so that the reliability of the automatic, GPS-based navigation is at the edge of technical limits. This applies not only to the accuracy of x-y positioning but also in keeping a consistent altitude above the ground throughout the entire scene. Moreover, in such conditions, manual navigation cannot be applied, as the limited extent of the scene does not allow for visual orientation and overlap control. Therefore, it is necessary to perform repeated imaging with the permanent cross checking of flight parameters during the flight in order to obtain consistent results. The third aspect is that of the total volume of the imagery resulting from the imaging campaign. The number of images needed to cover the study site, with given side and front overlaps, rapidly increases with decreasing flight altitude. A studied point bar, comprising a scene of 60 × 30 m 2 , with a platform equipped with a 16 Mpx DSLR camera and 70% front and side overlap, imaged at a level of 8 m and with a GSD of 2 mm, can be covered by approximately 154 images. Changing the altitude to 4 m increases the number of images needed to nearly 500 images. As photogrammetric processing demands large amounts of processing power, an unnecessarily excessive number of images can significantly increase the processing time and computing requirements of these analyses.
Here, we determine that an altitude of 4-8 m represents the optimum flight level in this study, producing a balanced series of image quality, coverage, and operability parameters. The optimal GSD, which is the key parameter for further granulometric processing, is below the threshold of the finest gravel category determined by granulometric analysis, which is the fine gravel with size of 2 mm. Additionally, at this given flight level, the parameters of the imaging campaign remain manageable in terms of flight control, as well as the total volume of imagery that must be used for further photogrammetric processing.
Grain Size Distribution across the Point Bar
Distribution of Grain Size Parameters over Transects A and A'
The selected model transects, transect A and its corresponding transect A', are crossing the point bar from the stream, moving through zones of fresh fluvial accumulations to those of old fluvial accumulations (Figure 4 ). The UAV-based images of these transects were acquired at 8 m flight altitude, where each grid field was photo-sieved individually by using the default value α = 0.8 used in BaseGrain. Following the manual splitting, merging or removal of misclassified grains, the calculated number of classified grains (per m) ranged from 104 grains m-2 to 809 grains m-2, with a mean of 447 grains m-2 determined based on the results of both transects A and A'. Classified grain areas represent 34% to 82% of the total image area referring to transects A and A'. The residual void fraction represents grains with a-axis lengths of less than 10 mm or greater than 90 mm in diameter, as well as grains with boundaries that intersect the image boundary and those representing grass growth, the presence of wood fragments, and cast shadows.
The BaseGrain-derived grain size distributions of subsurface material extracted from each grid field along transects A and A' are displayed in two different graphical presentations (Figure 9 ). The estimated diameters of the coarse fraction grain size percentiles (a-axis; mm) from D 10 The areas under the grain size distribution curves vary based on their percentages of clay, silt, sand, and gravel sizes (Figure 9b,d) . The obtained cumulative frequency grain size distribution curves for transect A show moderate variations between finer grains, but larger variations between coarser grains (Figure 9b ). Similar profiles are also obtained for transect A' (Figure 9d ), but with greater variations between coarser grains than are seen in transect A (Figure 9b) . A summary of the statistics of distribution parameters min, max, mean, range, and the coefficient of determination (r 2 ) values of percentile data and median grain size D50 of each grid field of transects A and A' are shown in Table 2 .
The grain size of the surface layer, derived from the median D50, varies from 12 to 25 mm for transect A, with a mean of 18 mm (Table 2) ; for transect A', the median D50 varies from 19 to 54 mm, with a mean of 33 mm (Table 2) . Table 2 . Grain size percentile diameter (a-axis; mm) estimated using BaseGrain, and further parameters, such as min, max, mean and range for selected grain size percentiles and the median grain size D50 of transects A and A'. The areas under the grain size distribution curves vary based on their percentages of clay, silt, sand, and gravel sizes (Figure 9b,d) . The obtained cumulative frequency grain size distribution curves for transect A show moderate variations between finer grains, but larger variations between coarser grains (Figure 9b ). Similar profiles are also obtained for transect A' (Figure 9d ), but with greater variations between coarser grains than are seen in transect A (Figure 9b) . A summary of the statistics of distribution parameters min, max, mean, range, and the coefficient of determination (r 2 ) values of percentile data and median grain size D 50 of each grid field of transects A and A' are shown in Table 2 .
The grain size of the surface layer, derived from the median D 50 , varies from 12 to 25 mm for transect A, with a mean of 18 mm (Table 2) ; for transect A', the median D 50 varies from 19 to 54 mm, with a mean of 33 mm ( Table 2 ).
Distribution of Grain Size Parameters over Transects B and B'
The second model transects for this study are those of transect B and its corresponding transect B', which cross the point bar in the down part of the meander and reflect fresh fluvial accumulations of sand and fine fractions. The same approach as described above is adopted here. Transects B and B' contain the maximum coverage, which is maintained by both orthoimages, with all remaining grid fields removed from classification.
The (Figure 10a,b) reveal the dominance of finer material in comparison to the upper part of the riverbank. Here, the grain size gradually decreases from coarse to fine with increasing distance to the riverbank in transect B' (Figure 10c) . Consequently, the finest sediment deposits are found at the second bar (Bar 2, Figure 10c) .
Likewise, the grid fields under the grain size distribution curves fluctuate depending on their percentages of clay, silt, sand, and gravel sizes. By comparing all cumulative grain size distribution curves along both transects B and B' (Figure 10b,d) , it can be observed that the variation of finer-grained characteristics is higher in transect B (Figure 10b ) than it is in transect B'. In contrast, higher variations in coarser-grained material are observed in transect B'. Table 3 
Multitemporal Changes in Grain Size Distribution over the Point Bar
In order to visualize multitemporal changes in grain size distribution, we used BaseGrain to calculate a simple linear regression of the median diameter D50 of all transects (Figures 11 and 12) . Here, the median grain size is used because it is one of the most important parameters characterizing the effective particle size of a group of particles or of the grain size distribution curve, and therefore can be used to reasonably visualize grain size variability across the point bar. The median diameter D50 corresponds to the 50th percentile on a cumulative curve dividing its distribution into two equal parts, where 50% of the particles are larger and 50% are smaller than the typical value of D50. The estimated median D50 obtained from photo-sieving, applied to transects A (blue line) and A' (orange 
In order to visualize multitemporal changes in grain size distribution, we used BaseGrain to calculate a simple linear regression of the median diameter D 50 of all transects (Figures 11 and 12) . Here, the median grain size is used because it is one of the most important parameters characterizing the effective particle size of a group of particles or of the grain size distribution curve, and therefore can be used to reasonably visualize grain size variability across the point bar. The median diameter D 50 corresponds to the 50th percentile on a cumulative curve dividing its distribution into two equal parts, where 50% of the particles are larger and 50% are smaller than the typical value of D 50 . The estimated median D 50 obtained from photo-sieving, applied to transects A (blue line) and A' (orange line), shows significant differences in the grain size distribution of coarser grains between these two years ( Figure 11) . Additionally, the differences in the median D 50 values are plotted by subtracting the median D 50 values of the 2016 photo-sieved grid fields from their corresponding values from the 2014 photo-sieved grid fields, representing the midpoints by point markers (Figures 11 and 12) . One error bar was plotting for each grid field (Figures 11 and 12) . A positive value indicates that, during these two years, the photo-sieved area became coarser, whereas a negative value indicates that the photo-sieved area became finer. (Figures 11 and 12) . One error bar was plotting for each grid field (Figures 11 and 12) . A positive value indicates that, during these two years, the photo-sieved area became coarser, whereas a negative value indicates that the photo-sieved area became finer. line), shows significant differences in the grain size distribution of coarser grains between these two years ( Figure 11 (Figures 11 and 12) . One error bar was plotting for each grid field (Figures 11 and 12) . A positive value indicates that, during these two years, the photo-sieved area became coarser, whereas a negative value indicates that the photo-sieved area became finer. The majority of transect A records a median grain size of <18 mm. Within this fraction, analyzed grid fields with smaller grain sizes (<13 mm) are largely confined to areas that are further away from the riverbank (Figure 11 ), whereas areas located closer to the river channel are characterized by larger D 50 values (>18 mm). In contrast, the majority of transect A' records a median grain size of <35 mm. Within this fraction, grids with the lowest D 50 values (<20 mm) are limited to areas that are further away from the riverbank, whereas areas storing coarser material (e.g., bars) or areas that are closer to the riverbank are characterized by relatively larger D 50 values (>35 mm) (Figure 11 ). Within this fraction, analyzed grid fields with smaller grain sizes (<13 mm) are found in areas that are further away from the riverbank (Figure 12) , whereas larger median D 50 values (>30 mm) characterize areas that appear closer to the river channel. In contrast, the majority of transect B possesses median D 50 values of <13 mm (Figure 12 ). Within this fraction, transect areas with the lowest D 50 values (<14 mm) appear in areas that are further away from the riverbank, whereas relatively larger D 50 values (>16 mm) characterize areas where coarser material is stored (e.g., bars) or in areas that are closer to the riverbank (Figure 12) . Here, the majority of transect B' records a median grain size of <21 mm.
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Discussion
The repeated granulometric analysis enabled to analyze the changes in the structure of alluvial depositions, resulting from the high flow events in the meandering system of the assessed montane creek. According to photo-sieving, the sediment in both transects A' and B' (Figures 11 and 12 ) significantly increase, especially in the values from the 2016 dataset. In both transects A' and B', coarser material appears to increase with decreasing distance from the riverbank, based on their median grain size D 50 distributions. This suggests that the upper and, to an even greater extent, lower parts of the meander became replenished by a coarser sediment supply over the time period of interest in this study (Figures 11 and 12 ). During each high-flow condition, new depositions are formed on the point bar, thus allowing coarse-grained surface sediments to be deposited. The accumulation of finer sediments can be explained by the low-energy environment in the area. All monitored transects in this study, are spots of active bank erosion and accumulations, corresponding to the distribution of traces of the past fluvial processes, which are triggered by floods with recurrence periods of 2-5 years [6] .
Designing and testing of a workflow for UAV granulometry enabled analyzing the potential of fusion of two rapidly evolving computer vision techniques: the optical granulometry and UAV photogrammetry. Optical digital granulometry is still a relatively new survey technique with limited applications to fluvial geomorphology, although its theoretical principles and software applications have been tested [24] . Despite the fact that the principle of this method is based on a simplified approach, in which only 2D images of clasts are used as data sources for this analysis, its applications in different environments have demonstrated the solid performance and practical usability of the approach [10, 24] .
The main benefits of digital optical granulometry are those demonstrating the high operability of the method, its fast data collection on large areas and its non-invasiveness. The limitations of this method are rooted in the simplification of the clast schematization in two-dimensional space. Although various studies have statistically proved the reliability of this technique, irregular conditions and local distributions of fluvial accumulations may limit its performance.
Because optical granulometry is based on image analysis, the quality of the source imagery is the key factor in determining the success of the classification. There are several aspects controlling image quality, including the quality of the digital imagery, light conditions, and the appropriate composition of a scene. High physical image resolution is required to reliably identify objects of all gravel categories and to efficiently separate them from background material, such as sand or mud. Properties of image quality, including no or low image compression, no or low distortion, and uniform light conditions, are thus essential for the proper identification of objects and their shapes.
The goal of this study is to develop and test methodology for coupling optical granulometric surveys with UAV imagery to extend the potential of each approach. The key goal is to overcome the limitations of field surveys, based on selective sampling in given spots. Use of the UAV imaging platform allows us to acquire seamless ultra-high resolution imagery, which can be consequently analyzed using the same method that is used in field optical granulometry.
To accomplish this, it is necessary to reduce several technical limitations in order to differentiate UAV-based analysis from field surveys. Field optical granulometric surveys typically rely on the use of a calibration frame for sampling study sites. This workflow is reflected by its software applications, in which some of them (such as the Sedimetrics digital gravelometer), strictly require the use of a calibration frame for imaging to calculate a scale and automatically correct image distortion [5] . To use UAV imagery as a data source, it is thus necessary to use software that does not require a fixed calibration frame for auto-corrections. However, the missing spatial information in the imagery calculated from a calibration frame must be replaced by providing accurate and spatially consistent spatial scales.
To enable accurate spatial georeferencing of ultra-high resolution imagery, the UAV data collection must be adjusted using ground control points positioned with geodetic accuracy and maintaining all steps of the photogrammetric workflow at a consistent level of precision.
A significant issue affecting both the quality of results and the operability of the survey is that of the optimum UAV image acquisition parameters needed to secure satisfactory optical resolutions of imagery, obtain seamless spatial coverage of imaging campaigns, and retain a reasonable total volume of imagery used for photogrammetric processing.
The optical resolution of the imagery has a direct effect on the GSD of the generated orthoimage. As the lower threshold for grain size identification is set at two millimeters [25] , it is preferable to use a lower optical resolution of the source imagery in order to resolve the smallest clasts with greater certainty. Higher image resolution can be achieved in two ways: reducing the flight altitude or increasing the sensor resolution. In this study, we use a DSLR, equipped with a 16 Mpx sensor and a 20 mm prime lens, which enables us to achieve a resolution of 1.5 mm (which was deemed satisfactory to assess this region) at a level of 6 m. Based on previous experience with repeated field campaigns at such conditions, we consider this altitude to be a practical limit for operating an imaging campaign. At lower altitudes, the horizontal, and especially vertical, positioning of the drone becomes burdened by errors, and there is an increased risk of obtaining inconsistent or incomplete results.
In contrast, using sensors with higher optical resolutions can improve both quality and operability. When considering cameras with lenses of equivalent focal length, an image resolution of 1.4 millimeters achieved at 6 m using a 16 Mpx camera can also be reached at 8 m with a 24 Mpx sensor or even at 12 m with a 50 Mpx full-frame camera (Table 4) . Ultra high-resolution sensors enable workers to achieve higher flight altitudes while covering larger areas, maintaining flight parameters, and securing overlapping imagery. In case there is a desirable increase of the flight altitude, there is possible to use a prime lens with longer focal length. Then it is possible to keep same the spatial resolution and image footprint size but with higher flying altitude. Camera resolution and appropriate lens selection thus appear to be the key elements for acquiring images at required levels of resolution and spatial consistency. The aforementioned results are, however, related to the common UAVs and cameras, used in research and mapping. Application of the professional-grade large sensor cameras (i.e., PhaseOne XF with a 100 Mpx sensor) and respective imaging platforms, able to assure high endurance while operating with heavyweight devices, has great potential with diverse applications i.e., in geomorphological and regolith mapping or industrial applications, i.e., in mining.
The photogrammetrical treatment, which is performed at millimeter-scale resolution, is associated with problems based on positioning accuracy at such ultra-detailed level. The positioning of GCPs, based on field measurements by GNSS, can achieve horizontal and vertical accuracy at the centimeter scale [6] . When the GSD of the image is scaled to millimeters, the accuracy of its positioning decreases by an order of magnitude. However, achieving absolute accuracy corresponding to the resolution of the image in this type of survey is not feasible both for both technical and practical reasons. These technical restrictions are based on the nature of the GNSS positioning technology, where centimeter-scale accuracy represents the limit for practical applications [27, 28] . These same limitations in positioning accuracy also then apply to the UAV imaging platforms, which are equipped with an onboard GNSS device and store location information in the imagery metadata. Solutions can be found in the use of another techniques for the GCP positioning, i.e., by measuring using total station in local coordinate system. The use of onboard RTK GNSS system can then significantly increase accuracy of positioning, but also the precision of flight control, assuring the correct parameters of the flight route.
Within field positioning, other limits are represented by the physical size of the instruments throughout the entire positioning process. As the surface of the alluvium is repeatedly remodeled by the fluvial activity, permanent GCPs, which can achieve absolute accuracy, are likely to be covered by fresh depositions. Therefore, various types of temporary GCPs are used for on-site positioning. The physical size of the GCP center points, as well as that of the positioning pole, do not allow researchers to obtain accuracy better than the centimeter scale, which can thus be considered to represent the practical limit for accuracy in field positioning.
The importance of these subtle differences in positioning is not relevant to the absolute location of the analyzed scene in the study area, where centimeter-scale accuracy is more than satisfactory. However, positioning differences on the scale of centimeters, together with the other factors, i.e., varying light conditions or the changing nature of the 3-D objects can be a source of differences in orthoimage, that can be translated to the granulometric differences in multitemporal analysis. The shifts in location of the source imagery below the virtual analytical grid may result in the selection of an area which is not identical at all time horizons. Therefore, the results of granulometric analysis performed on individual time slices may also differ, even when the physical environment remains unchanged. The differences in location can be tested i.e., by offsetting the sampling grid in a pattern, by the moving window analysis. The effect of the offset is illustrated by Figure 13 , which depicts the selected 1-meter grid field outside the active meander zone at the two time horizons of May 2014 (Figure 13a ) and September 2014 (Figure 13b ), during which no physical change occurred in the given area. Here, differences in positioning reach 2.7 cm, resulting in the slight shifting of features (Figure 13c) . However, the impact on this shift is marginal, as it affects only the selected clasts at the boundary of the grid. The aforementioned results are, however, related to the common UAVs and cameras, used in research and mapping. Application of the professional-grade large sensor cameras (i.e., PhaseOne XF with a 100 Mpx sensor) and respective imaging platforms, able to assure high endurance while operating with heavyweight devices, has great potential with diverse applications i.e., in geomorphological and regolith mapping or industrial applications, i.e., in mining.
The importance of these subtle differences in positioning is not relevant to the absolute location of the analyzed scene in the study area, where centimeter-scale accuracy is more than satisfactory. However, positioning differences on the scale of centimeters, together with the other factors, i.e., varying light conditions or the changing nature of the 3-D objects can be a source of differences in orthoimage, that can be translated to the granulometric differences in multitemporal analysis. The shifts in location of the source imagery below the virtual analytical grid may result in the selection of an area which is not identical at all time horizons. Therefore, the results of granulometric analysis performed on individual time slices may also differ, even when the physical environment remains unchanged. The differences in location can be tested i.e., by offsetting the sampling grid in a pattern, by the moving window analysis. The effect of the offset is illustrated by Figure 13 , which depicts the selected 1-meter grid field outside the active meander zone at the two time horizons of May 2014 (Figure 13a ) and September 2014 (Figure 13b ), during which no physical change occurred in the given area. Here, differences in positioning reach 2.7 cm, resulting in the slight shifting of features (Figure 13c) . However, the impact on this shift is marginal, as it affects only the selected clasts at the boundary of the grid. This phenomenon should, therefore, be taken into consideration, especially in transition zones with heterogeneous grain size structures. The uncertainty resulting from centimeter-scale differences in positioning is minimal; however, it should be considered when interpreting changes in granulometric properties on a multitemporal scale.
Despite the aforementioned uncertainty in absolute positioning, the UAV-based approach for the analysis of granulometric properties is the only reliable method for the detection of grain size structures at identical sampling sites assessed over complex areas. It is virtually impossible to use conventional methods of physical granulometry or manual optical granulometry to identify identical sampling spots over time in a riverscape remodeled by fluvial processes.
Conclusions
The paper presents a new, non-invasive technique of granulometric analysis based on the fusion of two image analysis techniques: Unmanned Aerial Vehicles (UAV)-based photogrammetry and optical digital granulometry.
This proposed technique is tested in a mid-mountain stream area with elevated fluvial activity accelerated by recurrent flooding. Measurements were obtained in 2014 and 2016 in order to track changes in the distribution of granulometric properties across a point bar which was subject to recent fluvial accumulations.
The dense point cloud and DEM, generated using Agisoft Photoscan Pro, are then post-processed using the Trimble INPHO software to obtain an orthoimage with consistent quality across the entire scene. The BaseGrain tool is used to analyze granulometric properties in 1 m × 1 m segments, arranged in two transects, located at the upper and lower regions of the analyzed point bar t both time horizons of spring 2014 and 2016.
We further calibrate the optimum UAV flight parameters to achieve the necessary requirements of imagery resolution and coverage of the study site. For the given configuration of the imaging platform, the optimum flight altitude for imagery acquisition is defined as 4-8 m above the ground, which results in a GSD of 1.2 to 1.7 mm. This level of detail is satisfactory for the identification of the finest gravel clast category, while also maintaining imaging operability to produce seamless coverage of the study area.
This granulometric analysis, based on the seamless orthoimages, yields grain size distribution values across the point bar for the two selected transects at both time horizons. This analysis allows us to correctly distinguish major grain size categories, their distributions across the alluvial point bar, and distinctions between zones of recent and old accumulations as well as their changes over time.
This proposed method of fusion of UAV photogrammetry and optical granulometry has two significant advances over geomorphological surveys: it possesses a greater analytical flexibility across multiple study sites, and it has the potential to apply multitemporal analysis to areas undergoing significant morphological changes.
These ultra-high resolution orthoimages are beneficial, as they allow workers to perform analyses in variable user-defined patterns, independent of the design of the field sampling campaign. Unlike conventional field surveys, which are based on data collection undertaken in preselected spots, using a seamless data source covers the entire study area, thus allowing researchers to design and test different patterns for granulometric analysis, designed according to the goals of their studies.
Testing the proposed workflow of UAV granulometry proves the applicability of this method for granulometric research in geomorphological studies. This method has potential for further improvements, resulting from the rapid development of imaging and data analysis technologies. 
